Rat liver and horse kidney metallothioneins react with 5,5'-dithiobis-(2-nitrobenzoic acid) (Nbs2) to release 5-thio-2-nitrobenzoate and metal ions. The reactions are slow and exhibit biphasic kinetics with each process having an empirical rate law of the form:
cadmium-2,3-dimercaptopropanol, resembles the protein in its reaction with Nbs2'
The nature of the function of metallothionein has been a question of intense interest for many years since Margoshes & Vallee (1957) discovered that cadmium found in the cytosol of horse kidney is bound specifically to this protein. It is now apparent that metallothionein is a versatile metal binding protein which not only sequesters a number of toxic, heavy metals but also binds zinc and copper under a variety of normal physiological conditions (Bremner & Davies, 1974; Oh et al., 1978; Sobacinski et al., 1978; Petering et al., 1978; Koch et al., 1980) . The structure of this protein seems ideal for reaction with these metals, for about one-third of the amino acid residues are cysteinyl groups, which are excellent ligands for such metal ions (Kagi et al., 1974) . Nevertheless, relatively little research has been directed toward the metal-mercaptide chemistry of metallothionein. The present study begins an investigation of the chemical properties of the metal-binding sites of this protein in order to understand the types of inorganic reactions metallothionein may undergo in cells. In this report the reaction of Nbs2 with various metallothioneins is examined.
Abbreviation used: Nbs2, 5,5'-dithiobis-(2-nitrobenzoic acid).
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t To whom reprint requests should be addressed.
Vol. 193

Experimental
Materials
Nbs2 and Trizma base were purchased from
Sigma. All other chemicals were reagent grade.
Preparation ofmetallothioneins
The preparation of rat liver metallothionein is detailed elsewhere (Minkel et al., 1980) . The horse kidney protein was isolated by a similar procedure, which resembles that of Winge & Rajagopalan (1972) .
Preparation ofhorse kidney metallothionein
The cortex from a fresh or frozen-thawed horse kidney was homogenized by using a blender in 2 vol. of sucrose/Tris buffer (0.25 M-sucrose/0.02 M-Tris/ HCI, pH 8.6) for 60s. The homogenate was centrifuged at 23 500g for 40min in a GSA rotor on a Sorvall RC5-B Superspeed centrifuge. The supernatant was recentrifuged at 45 90Og in an SS-34 rotor.
The resulting supernatant was used to homogenize a second kidney, and the two centrifugations were repeated. After four kidneys had been sequentially homogenized and centrifuged, a heat-treatment step was used (600C, 1min) before the final 45000g centrifugation. After centrifugation to remove the precipitated protein, the final supernatant was applied to a column (8 litre bed volume; 10cm x 100cm) of Sephadex G-50 and eluted with 0.02M-Tris/HCl, pH 8.6, at a flow rate of 300 ml/h. (Minkel et al., 1980) . The horse kidney metallothionein was stripped of metals by dialysis at pH2-2.5. The thiol groups remain reduced at low pH. CdCl2 or ZnCl2 was added to the apoprotein and the pH was restored to 7.5 by further dialysis against Tris/HCl buffer. Preparation ofcadmium-2,3-dimercaptopropanol Direct titration of 2,3-dimercaptopropanol with CdCl2 by the method of Job (Rossotti & Rossotti, 1961) 
Kinetic studies
Metallothionein and Nbs2 were mixed at time zero, placed in a Beckman Acta V spectrophotometer and maintained at 250C. Reactions were carried out after degassing the solutions because 5-thio-2-nitrobenzoate is not indefinitely stable in aerated solutions and begins to oxidize again to Nbs2, thereby preventing quantification of the stoichiometry and kinetics of reaction. The change in absorbance at 412nm, the absorbance maximum of 5-thio-2-nitrobenzoate, was measured over time against a reference sample containing buffer and an equivalent amount of Nbs2. The maximum absorbance value, A,,, and an absorbance coefficient of 13600M-l'cm-' were used to measure the total reactive thiol groups. To obtain first-order plots of the reaction, log (A,,-At), which is proportional to the concentration of unreacted thiol groups, was plotted against time. Because the reactions are biphasic, the corrected first-order rates for the first step must be obtained by subtracting out the contribution of the second step to the first rate {i.e.
[(AOc-At)step I-(A -A)stePIJ after extrapolating the data for step II to zero time. This treatment is consistent either with consecutive or parallel reactions leading to formation of 5-thio-2-nitrobenzoate. In some cases the reaction mixtures were passed through a column (1 cm x 25cm) of Sephadex G-50 to demonstrate that complete metal displacement occurred. Reactivity of metalothioneins with Nbs, Sephadex A-25 chromatography), a slow reaction takes place (Fig. 1) . The disulphide is cleaved and 5-thio-2-nitrobenzoate with its absorption maximum at 412nm is generated. The reaction has the properties of the standard colourimetric assay for thiol groups, except that it is slow (EUman, 1959) . In contrast, apometallothionein reacts completely with Nbs2 within the time of mixing.
Results
Although the metallothionein-Nbs2 reaction is slow, it appears to go to completion. Thus, as summarized in Table 1 , observed and calculated thiol/metal ratios agree closely, despite a wide range of metal ratios, if one uses an SH/Cu ratio of 1, which is expected to be approximately correct for Cu(I}-thiolate complexes, along with the usual value of 3 for SH/(Cd + Zn).
Reaction ofhorse kidney metallothioneins with Nbs2
As illustrated in Fig. 1 , the reaction under study displays complex kinetics; two pseudo-first-order steps which vary to some degree in observed rate constants dependent upon the metal composition of metallothionein are seen. To avoid the complications of mixed metal metallothioneins, horse kidney thionein was reconstituted with cadmium or zinc for further study on the rate process. Both the cadmium and zinc reconstituted proteins also react with Nbs2 in the biphasic manner seen in Fig. 1 . Metal is released from the protein in the process. Pseudo-first-order rate constants have been determined for steps I and II as a function of Nbs2 concentration. One can also partition the total reaction between the two processes by comparing Ao,-A at time zero for step I with the extrapolated A0,-A at time zero for step II. Fig. 2 (Table 3) . Guanidine hydrochoride causes a 10nm red shift in the absorbance of 5-thio-2-nitrobenzoate and also decreases its intensity. Alteration of pH still has little influence on the rate of reaction. Interestingly, Table 1 . Thiol and metal contents ofmetallothionein The reactions were conducted in 0.1 M-phosphate buffer, pH 6.85, containing 1 mM-Nbs2 at 250C. Metallothionein-I is that used in Fig. 1 The rate equations for each step of the reactions described by the data in Fig. 2 preincubation of zinc-thionein with 0.67 mM-EDTA for 40 min, which removes much of the zinc from the protein, leads to a rapid reaction of 82% of the protein thiol groups with Nbs2 followed by the typical two-step reaction for the remaining 18%.
Reaction of Nbs2 with a cadmium-2,3-dimercaptopropanol complex
In an effort to find a suitable model for the reaction of metailothionein with Nbs2, the reactions with Nbs, of cadmium bound to 2,3-dimercaptopropanol were studied. Fig. 2 and 3 and Tables 2  and 3 show that the complex reacts slowly with Nbs2, in a biphasic manner and with rates that are relatively independent of pH effects. Interestingly, 6 M-guanidine hydrochloride increased the rate of the reaction between the complex and Nbs2 by approx. 100-fold. Hence, this protein denaturant may be affecting the rate of reaction of metallothionein with Nbs2 by a mechanism other than perturbation of the thionein structure. There are qualitativo difference8 between this model system and the metallothionein.
The first step comprises mnuch of the total reaction in the model, whereas it is the second step which is dominant for the protein. In addition, the second step is independent of Nbs2 concentration for cadmium-2,3-dimercaptopropanol.
Discussion
Although the reaction with Nbs2 for the analysis of protein thiol groups has been used by others to measure the thiol content of metallothionein, it was initially surprising that such a reaction should occur, Reactivity of metallothioneins with Nbs2 since the thiol groups are bound tightly to metal ions in the protein (Anderson et al., 1978; Ryden & Deutsch, 1978; Tsunoo et al., 1978) . In the reaction of free thiol groups with the aromatic disulphide, the thiol anion acts as a nucleophile in a thiol-disulphide interchange:
RS-+ Ar-S-S-A ArS-SR + ArS- (1) Yet in the protein, where the binding constant for zinc has been estimated to be 10" M-1 and for cadmium about 104M-1, it seemed at first kinetically and thermodynamically unlikely that metalbound thiols could dissociated and react with Nbs2.
The rate equations for all of the reactions of metal-thiol complexes with Nbs2 given in Table 2 suggest that there is a significant contribution from metal-thiol bond breaking (path B in eqn. 
+ ArSdent contributions to the rate law were observed and were also attributed to metal-thiol bond breaking (Li et al., 1980 The similarity of the kinetics for the cadmium-2,3-dimercaptopropanol complex and the various metallothioneins confirms the appropriateness of the model and furthermore suggests that the cause of the biphasic reaction must be sought in the nature of the cadmium-thiolate structures, rather than in the effects of the protein on the metal binding sites.
It is also of interest in these studies that copper-loaded metallothionein can be made by displacement of zinc and cadmium from native rat liver metallothionein. The thiol/metal ratio approaches 1 as the copper content increases, in agreement with previous studies indicating a thiol: copper ratio of 1 (Rupp & Weser, 1974) . What is unusual here, and was also seen in the native rat liver protein, is that the copper-thionein is stable at least for a period of hours under aerobic conditions after removal from mercaptoethanol by Sephadex G-75 chromatography (Minkel et al., 1980 (Rupp & Weser, 1974; Bremner & Marshall, 1974; Bremner & Young, 1976) .
Finally, given the indications that metallothionein plays a central role in normal zinc, and possibly copper, metabolism, mechanisms may exist for movements of metals into and out of this protein. This study shows one way in which cellular disulphides could interact with metallothionein to liberate tightly bound metal ions for redistribution into other parts of the cell.
